The mechanisms of secondary brain damage following cerebral ischemia or CNS trauma are still un known. A variety of mediators, released by the injured brain, are held to be responsible for delayed neuronal cell damage. No technique is available yet for repeated sam pling of cerebral venous blood (CVB) on a long-term ba sis, which allows to assess the neurobiochemical re sponses to brain injury chronically in conscious labora tory animals. This is a report on the establishment of a method to sample CVB from the superior sagittal sinus (SSS) for at least 7 days in conscious freely moving rats. The torcular was exposed for implantation of a catheter Cerebral ischemia or CNS trauma is followed by the release of a host of metabolites, which might play a role in mediating the phenomenon of deteri orating stroke and delayed neuronal death. No tech nique has been available so far for long-term anal ysis of biochemical or hematological indices during and after CNS trauma or cerebral ischemia or other brain conditions. This prompted us to develop a technique for repeated sampling of cerebral venous blood (CVB) under physiological and pathophysio logical conditions on a long-term basis to permit assessment of neurobiochemical responses to acute and chronic brain insults. Former studies, where attempts were made to evaluate CVB have been
into the caudal SSS. Patency was preserved by perfusion with a nonsystemic dose of heparin by an Alzet osmotic pump and verified daily by aspirating of 0. 5 ml CVB for blood analysis. No neuropathology was seen in histolog ical examination. The rats appeared comfortable and without distress, and the transient weight loss was rapidly regained. The present model provides the opportunity to evaluate acute or chronic neurobiochemical responses to stroke, CNS trauma, or any other type of brain injury in the conscious rat. Key Words: Cerebral venous blood Sagittal sinus-Neuroinjury-Neuropathology-Rat.
restricted to acute experiments only and required anesthetized laboratory animals (Meldrum and Nilsson 1976, Nilsson and Siesjo, 1983; McPherson and Traystman, 1988; Goldstein et aI., 1988; D'Alecy et aI., 1980; Hertz and Bolwig, 1976) .
The superior sagittal sinus (SSS) receives blood from the superior cerebral veins, which are collect ing CVB from the lateral and dorsal aspects of each hemisphere (Zeman and Innes, 1963) . These areas are the primary sites of trauma or ischemia in rat models of neuroinjury. Therefore, we have de signed and tested a device that should allow re peated collection of CVB from the SSS. This tech nique was especially designed for studies in the con scious, freely moving rat since pharmacological effects of anesthetic agents are known to interfere with brain functions, autonomic reflexes (Hassen and Feuerstein, 1987) , and the response to injury (Chenoweth and Van Dyke, 1969) . This technique may provide the opportunity to further evaluate the neurobiochemical and metabolic responses associ ated with the pathophysiology of stroke, CNS trauma, and especially delayed neuronal death.
MATERIALS AND METHODS

Catheter Configuration
The catheter system for chronic implantation into the SSS is divided functionally and technically into three parts: (a) indwelling sinus catheter, (b) Y-connector, and (c) mini-osmotic pump.
a. Preparation of the indwelling sinus catheter
One centimeter of a 24 G Teflon catheter (Delmed Inc., Canton, MA) was connected to a l-cm piece of polyeth ylene (PE) 60 tubing ( Fig. Ig) and fastened with cy anoacrylate glue. One additional hole was generated on the tip of the teflon catheter.
b. Preparation of the Y-shaped connecting tubing
The Y-connector served as a link between the im planted sinus catheter and the osmotic pump, providing a pathway for withdrawal of blood and application of drugs: 6 cm flexible Tygon plastic tubing [inner diameter, 22 gauge; outer diameter, 13G «Fisher Scientific Co.), Pitts burgh, PA)] ( solution (1000 I. U. heparin sodium/mI). The employed pump model has a nominal pumping rate of 1 J.LI/h at 37°C.
Surgical Procedure
The experiments were carried out in barrier reared male Sprague Dawley rats (330-400 g, Taconic Farms, Germantown, NY). Anesthesia was induced by intraper itoneal injection of 12 mg ketamine + 0. 12 mg acepro mazine per 100 g body weight. Following depilation of the scalp and the upper back, the rats were placed into a stereotactic instrument. The caudal calvarium was ex posed by a midline scalp incision. Two short parallel in cisions were made on the back of the rat, approximately 1 cm apart. A subcutaneous pouch was formed through one incision for implantation of the osmotic pump. The long end of the Y-connector ( Fig. Ie and f ) was led sub cutaneously through the other incision, emerging from the scalp incision. The silicone adapter for blood sam pling and application of drugs remained outside, while the other silicone tube spanned the bridge between the two skin incisions. The torcular was exposed by a narrow craniotomy (1.5 x 3 mm) using a high-speed drill under the operating microscope. Laterally, two symmetrical burrholes were prepared for insertion of two miniscrews (MX-080-2, Small Parts Inc., Miami, FL). To puncture the SSS, a 24 gauge needle attached to a stylet (A-2451, Clay Adams, Parsippany, NJ) was inserted into the Tef lon catheter and mounted to a micromanipulator. Ad justed to a tangential angle, the catheter was introduced into the torcular, advanced for 1 mm and fixed with dental cement (orthodontic resin, Caulk Co. , Milford, DE). Af ter removal of the needle, the PE 60 tubing end (Fig. Ig) of the sinus catheter was connected to the flexible plastic tubing of the Y-connector (Fig. Ie) via a blunted 22 G adapter (Fig. If) . The scalp incision was then approxi mated with 4-0 silk. Following the surgical preparation, the rats were individually housed and allowed to have free access to water and food. The whole surgical proce dure requires approximately 40 min.
Sampling CVB
To obtain CVB, perfusion of the sinus catheter by the osmotic pump was interrupted temporarily by clipping of the corresponding silicone connector ( Fig. 1 b) , using a small "bulldog" clamp. Thereby, either aspiration of mini pump content or backflow of blood into the pump is avoided. The free silicone tubing could be connected to a 22 gauge adapter to attach a syringe to aspirate CVB at a rate of 0. 5 mllmin or CVB was allowed to drop passively into a collecting vial. The aspirated volume was replaced by normal saline. Thereafter, the system was flushed with 0.2 ml normal saline containing 10 I. U. heparin/ml. Hep arin perfusion was reinstalled by removing the bulldog clamp. CVB was analyzed for hemoglobin, hematocrit and complete blood cell count (Coulter Counter, Coulter Electronics Inc., Hialeah, FL) plus differential count. The activated partial thromboplastin time was assessed (fibrinometer method, Fibrosystems Inc. , Cockeysville, MD) to examine the degree (if any) of interference by heparin in coagulation.
Blood-Brain Barrier (BBB) and Histology
At the end of the experiment-l week after the catheter implantation-the rats were reanesthetized with intraper itoneal ketamine/acepromazine. To study the integrity of the BBB, Evans blue (2% in saline, 0. 1 mlllOO g body weight) was administered intravenously through the sinus catheter, 30 min prior to in vivo perfusion (n = 4) or rapid removal of the brain (n = 2). The BBB was assessed macroscopically (n = 6) as well as microscopically (n = 2) by studying Evans blue fluorescence in unstained fresh frozen sections, using epifluorescence excitation by an UV-light source.
For histological examination, rapid thoracotomy was performed for in vivo perfusion through the left ventricle (n = 4). The animals were first perfused with 150 ml normal saline containing 10 I. U. heparin/ml, followed by 150 ml 10% buffered formalin (pH = 7. 2). The brains were removed and kept in fresh fixative overnight. On the following day, the brains were embedded into paraffin and sliced coronally at 1 mm intervals. Ten micron sec tions were taken at each interval and stained with hema toxylin and eosin.
Statistical Analysis
All data are mean ± SEM of the indicated number of rats. Body weight and hematological data were tested by Kruskal-Wallis analysis of variance (ANOV A) and p val ues < 0. 05 were accepted as statistically significant.
RESULTS
Evaluation of the cannula patency, hematological
states, and recovery of rats chronically implanted with SSS catheter CVB could be obtained either by spontaneous backflow of blood or by slow aspiration «0.5ml/min) of at least 0.5 ml CVB daily. The as pirated volume was replaced by sterile normal sa line. The observation period was restricted by the lifetime of the employed pump model to a maximum of 7 days. In an experimental group of 6 animals, CVB could be obtained throughout all 7 days. Dur ing withdrawal of CVB, the animals were conscious and allowed to move freely in their individual cages. The sampling procedure was tolerated well. The an imals appeared comfortable and without distress during the whole observation period.
Body weight decreased during the first 3 postop erative days by 4.2 1 ± 0.03% (n = 6, p < 0.05) as compared to day I and started to increase at day 4 after surgery, with the weight gain reaching signif icance at day 7 as compared to day 4 ( Fig. 2A) . Wound healing was uncomplicated, and no external signs of wound infection could be detected through out the whole observation period of 7 days. This was confirmed by the white blood cell count in the CVB, measured every other day after surgery (Fig.  2B) . A slight postoperative increase from 4,633 ± 250/,..d at day I to 6,983 ± 698/f.d at day 3 (n = 6, p < 0.05) could be observed at day 2, which was un changed throughout the rest of the week. The dif ferential count, however, did not show a shift to the left within the neutrophil spectrum. The platelet count did not change significantly (Fig. 2B) . The Effect of the surgical procedure and the chroni cally implanted sinus catheter on body weight. 'Significant difference between day 1 and day 4 (p < 0.05). tSignificant difference between day 4 and day 7 (p < 0.05). B: Platelet and white blood cell (WBC) response to the implantation. 'Significant increase (p < 0.05) of the white blood cell at day 3 as compared to day 1. The platelet count showed no sig nificant changes. C: Effect of the procedure and withdrawal of blood on the hemoglobin and the hematocrit. 'Significant decrease (p < 0.05) of both, the hematocrit and the hemo globin at the end of the observation period (day 7) as com pared to day 1. monocyte count was unchanged and within the nor mal range. At the end of the observation period of 7 days, a total amount of 4.04 ± 0.07 ml blood (n = 6) had been sequentially withdrawn from each animal, which was reflected by a slight decline of the he moglobin from 14.7 ± 0.3 g% at day I to 13.2 ± 0.6 g% at day seven (n = 6, p < 0.05) (Fig. 2C) . The hematocrit showed parallel changes: a maximal re duction from 42.5 ± 0.6% to 38 ± 2% (n = 6, p < 0.05) (Fig. 2C ). In addition, the partial thrombo-plastin time did not change significantly 7 days after implantation (29.7 ± 1.5 s at day 1, 30. 8 ± 3.2 s at day 7, n = 6, not significant).
Blood-Brain Barrier Integrity and Histology
After injection of Evans blue, no extravasation of the dye could be observed by macroscopical obser vation of the brain. Furthermore the integrity of the BBB was confirmed by fluorescence microscopy: no Evans blue fluorescence was found in unstained coronal sections, neither in parasagittal cortical ar eas nor in the corresponding white matter.
In histopathological evaluation of the coronal sections, the meninges appeared normal, and no signs of meningitis or encephalitis could be de tected. The parasagittal cortex showed no abnor malities such as infarction, venous congestion, or thrombosis.
DISCUSSION
The present paper describes a method for re peated sampling of CVB in small laboratory ani mals. No rat died intra-or postoperatively during the observation period of 7 days. Good recovery from surgery and anesthesia was evidenced by an increasing body weight. The slight increase in the white blood cell count did not reflect any cerebral or systemic infectious disease, as confirmed by the histopathological evaluation and by the differential count, which failed to disclose a shift to the juvenile forms. The implanted Teflon catheter did not con stitute a substantial traumatic or irritating stimulus to the surrounding meninges and the adjacent brain tissue, as evidenced by an intact BBB. The integrity of the BBB as well as the absence of signs of cor tical infarction confirm that the lumen of the SSS had not been functionally occluded by the sinus catheter; in any case no signs of cerebral venous thrombosis could be seen. Hertz and Bolwig (1976) emphasized, that extracerebral blood contamina tion of samples obtained from the SSS in the rat might occur if samples are taken at flow rates of 1.8 ml/min especially if the animal is ventilated artifi cially. In our studies, CVB was obtained at a rate of 0. 5 mllmin in spontaneously breathing animals, which is much below the rate associated with con tamination. Withdrawal of a cumulative volume of approximately 4 ml of blood during 7 days of serial sampling is probably the cause of the slight de crease of the hemoglobin and hematocrit. There fore, a blood volume of 0.5 mllday in the adult rat appears to approximate the upper limit of the amount of blood that can be sampled on a daily basis, which allowed the repeated analysis of a va riety of biochemical and hematological parameters.
In the current study, neither anesthesia nor re straint was necessary to obtain blood, minimizing the effect of pharmacologically or stress-induced changes in blood cells and biochemistry noted in previous studies (Chenoweth and VanDyke, 1969; Besch and Chou, 197 1; Upton and Morgan, 1975) . Thus, it might be assumed, that the current exper imental setup allows recovery of CVB samples un der almost artifact-free conditions. The present model, eventually combined with models of neu roinjury in the conscious rat, provides the possibil ity to evaluate biochemical and metabolic derange ments following stroke, trauma, or any other kind of brain injury for at least 1 week. This time frame merely depended on the employed pump model and could be extended by using different pump models.
